INTRODUCTION
The erythrocyte sedimentation rate (ESR) has become a ubiquitously used technique in medicine. Clinicians in all specialties use the test, which measures the rate at which red blood cells (RBC) fall in a test tube, as a marker of systemic illness. The concept of using RBC sedimentation as a correlate for illness dates back to the Greeks. In the 19th century, a Polish physician named Edmund Faustyn Biernacki published the first description of what has become the modern laboratory technique for the ESR. 1 He explained that blood with small numbers of RBC (anaemia) sediments faster than blood with higher numbers of RBC 2 ; the level of plasma fibrinogen affects RBC sedimentation; and, because fibrinogen levels are increased in febrile diseases (eg, rheumatic fever), sedimentation rate increases. Publications by Robert Sanno Fahraeus followed, examining the utility of measuring ESR as a pregnancy test. 2 He described factors that affect RBC agglutination and the correlation of RBC sedimentation with disease activity. Nearby, another Swedish internist, Alf Vilhelm Albertsson Westergren, studied RBC sedimentation in patients with tuberculosis. 2 3 He developed the Westergren method in 1920 and was responsible for standardising the ESR test that is still widely used today. Interestingly, in Europe the ESR test is commonly referred to as the FW test (Fahraeus-Westergren).
Systemic inflammation occurs in infection, autoimmunity, autoinflammatory conditions and malignancy. It can be tested for by numerous methods, including direct and indirect (surrogate) markers of inflammation. More direct measures include C-reactive protein (CRP), fibrinogen, complement proteins, ferritin, plasma viscosity, serum amyloid A and albumin (see box 1). The most commonly used is CRP, which is made in the liver in response to interleukin (IL)-1β, IL-6 and tumour necrosis factor-α. It activates neutrophils, inhibits platelets, aids in natural killer cell cytotoxicity and directs cells to the sites of inflammation by increasing adhesion molecule expression. 1 Rather than directly measuring an acute-phase reactant, the ESR serves as a surrogate measure of Editor's choice Scan to access more free content inflammation, and it is affected, but not controlled, by plasma constituents such as fibrinogen (see table 1 ). For further comparison between ESR and CRP, see box 2. The ESR is frequently used for screening, diagnosis, disease activity monitoring and as a prognostic tool for disease. While there are various methods by which the ESR is performed, all involve placing anticoagulated whole blood into an upright test tube and monitoring the rate at which RBC fall over time. Because they are denser than plasma, RBC in whole blood settle to the test tube's bottom. The ESR is calculated by measuring the distance from the top of the tube to the meniscus of the settled RBC after a fixed period of time, in millimeters per hour (see figure 1A-C).
PHYSIOLOGICAL BACKGROUND
The ESR is a marker of inflammation measured in vitro in a test tube, rather than a test of an in vivo phenomenon. As RBC fall in the tube, the downwards force of gravity is countered by an upwards force exerted by the viscous plasma. These forces are relatively equal when RBC remain as individual cells, but when agglutinated, RBC descend downwards. Anything that increases the agglutination of the RBC increases the ESR. RBC normally repel each other due to the negative charge conferred by cell surface syalic acid (zeta potential). If this charge is neutralised, RBC stack into chains, or rouleaux, and fall more rapidly.
The ESR has three phases: rouleaux formation, rapid fall and slow fall. During rouleaux formation, RBC are pulled together weakly by van der Waals forces (first 10 min). Over the next 40 min, the interaction with other plasma macromolecules stimulates greater agglutination, and RBC fall rapidly. During the last stage, the rate decreases as RBC accumulate at the bottom of the tube. 11 The ESR rises within 24-48 h of the onset of inflammation and when it falls, it lags behind the resolution of inflammation.
RBC size, concentration and shape can affect the ESR. Larger RBC have a lower surface/volume ratio and settle faster. Anaemia with a haematocrit lower than 20% increases the ESR. This may be because there is less slowing of rouleaux descent by cells piling at the bottom of the tube 12 and/or rouleaux formation increases when RBC are less concentrated. 8 Conversely, in polycythaemia, the rouleaux are less compact and the ESR may be falsely decreased. Molecular asymmetry (eg, sickle cells, spherocytes) interferes with aggregation of RBC and lowers the ESR. 8 Haemolytic anaemia leads to abnormally low ESR, potentially because the presence of large amounts of antibody can interfere with agglutination (see table 2). 8 While formulas have been created to ▸ Screens for septic joints: sensitivity is higher (90% vs 66%, respectively) while specificity is lower (15% vs 48%) 4 9 ▸ Monitors disease activity for acute processes: resolution of meningitis, healing after surgery or major burns. ESR ▸ Surrogate measure of inflammation ▸ Rises in 24-48 h and lags behind the resolution of inflammation. ▸ Slower decline may more closely parallel the complete resolution of inflammation. ▸ Test takes a minimum of an hour to result ▸ Rises in SLE flares, and the CRP is often unaffectedsuspect infection, rather than SLE flare, when the CRP is elevated. 10 Measure them at the same time when faced with a sick patient with SLE. CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; SLE, systemic lupus erythematosus. correct the ESR for anaemia, none have been generally accepted.
In addition to being affected by RBC characteristics, the rate of settling is affected by plasma proteins. Serum proteins, such as fibrinogen and globulins, are positively charged and serve to overcome the negative repulsion between RBC by neutralising the negative zeta potential charges on RBC, and hence greatly contribute to rouleaux formation resulting in high ESR. Of these, fibrinogen is the largest contributor to agglutination, followed by γ globulins, which have a lower capacity to induce agglutination. 4 As their names imply, hypofibrinogenaemia of the newborn or congenital hypofibrinogenaemia lead to decreased ESR. 4 Albumin is thought to break up rouleaux and slow down red cell aggregation, resulting in a lower ESR (see table 2). 9 While this mechanism has been proposed to explain the correlation between clinical hypoalbuminaemia and elevated ESR, in vitro studies have demonstrated that the presence of other factors (fibrinogen, immunoglobulins) impacts the relationship between albumin and ESR. 13 The utility of the ESR as a measure of inflammation is often attributed to its correlation with serum levels of fibrinogen, an acute-phase reactant. However, the relationship between ESR and inflammation is more complex as numerous studies have failed to show a direct correlation between ESR and fibrinogen. If fibrinogen serves as a major factor affecting ESR, the ESR may partially reflect inflammatory cytokine levels, but it does not directly measure these.
TECHNOLOGICAL BACKGROUND Methods
There are numerous methods by which the ESR can be performed, including the Westergren and modified Westergren, Wintrobe and micro-ESR. The Westergren is the most commonly used method of performing the ESR. 8 It is performed by mixing 2 mL of whole blood with 0.5 mL (or a quarter volume) of a sodium citrate solution, which is then used to fill a 200 mm pipet. The pipet is placed in a vertical rack for 60 min. The long tube minimises clumping of RBCs to prevent false increases in the ESR. When EDTA is used instead of sodium citrate, the test is referred to as the modified Westergren (commonly used by commercial laboratories). This allows for blood to be stored up to 4 h at 4°C and for use of saline diluted blood employed for other studies, without changing the ESR. The International Committee for Standardization of Hematology prefers the Westergren method using whole blood that has been anticoagulated with EDTA, then diluted with sodium citrate or saline, or whole blood anticoagulated with sodium citrate as a reference for determining the ESR. 14 Another frequently used method, the Wintrobe method, uses a 100 mm column with dry oxalate anticoagulant, no dilution and corrects for anaemia. 8 Because the blood is not diluted, the same tube can be used to determine the haematocrit. The tube is shorter than that used in the Westergren method, which can lead to a high plasma viscosity and thus decrease ESR. The lack of dilution by citrate limits the potential of falsely decreasing the ESR as in the Westergren method. Low haematocrit will falsely increase the ESR using this method as well, whereas the Wintrobe method incorporated a technique to correct for anaemia, although a controversial one. Overall, while the Wintrobe method is more sensitive to small increases in the ESR above the normal value than the Westergren method, it is insensitive to large increases in serum macromolecules and may lead to a falsely low ESR in the higher ranges. The micro-ESR only requires a few drops of capillary blood, which is useful in neonates.
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Specimen handling
The ESR is sensitive to a number of technical characteristics. It can be falsely decreased if blood is cooled rather than maintained at room temperature, is run more than 2 h after collection and/or clots (hence consumes fibrinogen) prior to placement in the tube. Equipment and environmental factors can also impact the ESR value. Orientation of the tube, rack and table is important because a tilted tube will increase the ESR. 12 Conversely, vibration of the test apparatus 8 or a short tube can lower it.
INDICATIONS AND LIMITATIONS
In a child who is refusing to bear weight on his leg, does a normal ESR rule out septic arthritis?
In situations in which a joint effusion is visualised, a normal ESR (between 0 and 20 mm/h) may support the diagnosis of reactive arthritis, a benign entity that requires little intervention, over that of septic arthritis and serve to limit further procedures. 9 A minimally elevated ESR is of little help in distinguishing the two, but a significantly elevated ESR (>40 mm/h) can be helpful. In a study of paediatric patients being evaluated for septic hip arthritis, ESR was <40 mm/h in only 44% of patients with septic arthritis compared with 86% of those with transient synovitis ( p<0.01). 9 Numerous attempts have been made to model the role of clinical parameters and laboratory values in predicting the likelihood of septic arthritis. In one study, when using a single laboratory test, both CRP and ESR were statistically significantly associated with having septic arthritis in children. 9 Yet a model including a combination of variables (fever, refusal to bear weight, CRP >2.0 mg/dL, white blood cell >12 000 m 3 and ESR >40 mm/h) best predicted septic arthritis ( predicted probability 98%).
In the absence of infection, does an elevated ESR necessarily mean a patient has a rheumatological disease?
No. In addition to infection and rheumatological processes, the ESR can be elevated in numerous disease states (table 3) . Significantly elevated ESRs (≥40 or ≥100, depending on the study) can occur in malignancy (lymphoma, acute childhood leukaemia and metastatic tumours 2 ), post-transplantation states, interstitial lung disease, inflammatory bowel disease (IBD), 5 renal failure, ischaemic tissue injury, trauma and pregnancy (and intrauterine fetal death). In one study of children (average age ≤10 years) with ESR ≥100 mm/h, underlying diagnoses broke down as follows: 49.5% infection, 26.3% connective tissue disease, 12.1% malignancy and 8.1% renal disease. 15 In the absence of obvious infection or other aetiology, an elevated ESR with abdominal symptoms and/or joint pain should raise suspicion for IBD and Coeliac disease. 5 Once a rheumatological disease has been diagnosed, is it helpful to order subsequent ESRs?
For those diseases in which it is elevated at diagnosis, the ESR can be helpful in assessing for disease improvement because it tends to normalise with remission and rise with flares. It may be used to monitor disease activity in many diseases (table 3) . ESR levels are particularly valuable in the course of systemic lupus erythematosus where they closely parallel disease activity. 5 Elevated ESR is one of the minor diagnostic criteria for acute rheumatic fever (ARF) ( Jones criteria). 5 In ARF, the decision to taper non-steroidal anti-inflammatory drug therapy is based upon improvement in the ESR. As in many vasculitides, the ESR is elevated in active Kawasaki disease (KD) and decreases with KD resolution. Importantly, in patients with KD treated with IVIg, levels will no longer correlate with disease activity as IVIg itself increases the ESR. 4 While systemic inflammation does not occur in all types of juvenile idiopathic arthritis ( JIA), the ESR is elevated in active polyarticular and systemic JIA. As a matter of fact, the Wallace criteria for JIA remission include a normal ESR as a necessary feature to reach inactivity. In patients who are well appearing, can ESR be used to estimate the risk of worsening disease?
An elevated ESR, along with other clinical signs and symptoms, may aid in diagnosing and monitoring disease activity as well as in prognosticating the risk of poor disease outcomes. Elevated ESR is associated with increased risk for the developing coronary artery disease. This may be due to atherogenesis driven by elevated fibrinogen levels. 16 While this has been demonstrated in adult males, it may hold true in children as well. In adults with Hodgkin's lymphoma, an elevated ESR (>10 mm/h in males and >20 mm/h in females) has been shown to be 87% sensitive and 79% specific for predicting relapse. 17 A mildly elevated ESR (≥28 mm/h) was associated with poor prognosis in patients who had a stroke. In adults with renal carcinoma, ESR of ≥ 54 mm/h is an independent factor for poor prognosis. 7 Plasma viscosity is another indirect acute-phase/delayed acute-phase reactant. It can parallel ESR and is also affected by plasma proteins and fibrinogen, but without the variations related to age, sex, haemoglobin and timing of the test itself.
w1 It is affected by plasma proteins, such as fibrinogen, and also physical activity. Unlike the ESR, it is affected by physical activity and more by chronic inflammatory conditions and less responsive to acute changes in inflammation. Technically it is more difficult to perform than ESR and it has fallen out of favour. There are few studies regarding the comparison of plasma viscosity and ESR in paediatrics. 18 In a child presenting with features concerning for rheumatic disease, does a normal ESR rule it out?
A normal ESR never rules out inflammatory disease, but it may decrease the suspicion. Positive and negative predictive values are not available regarding specific thresholds of ESR values. Even when active, some rheumatological conditions are not necessarily associated with an elevated ESR (box 3), in particular the oligoarticular, psoriatic and enthesitis-related forms of JIA. While the ESR may be elevated in the large vessel vasculitis, Takayasu arteritis (TA), it may, counterintuitively, be normal in active TA. Other rheumatic conditions are associated with only mildly increased ESR (eg, chronic recurrent multifocal noninfectious osteomyelitis). Notably, a normal ESR is far from reassuring in macrophage activation syndrome. In this severe condition with widespread inflammation, the ESR drops precipitously with increased disease activity because of worsening hypofibrinogenaemia.
In a well-appearing child, does an elevated ESR always signify an active source of disease?
An elevated ESR is not necessarily an indicator of infection or inflammation, as a variety of factors might be at play in a patient with an elevated ESR.
▸ The ESR may be elevated by obesity alone. The mean ESR was both clinically (13 mm/h) and statistically ( p=0.008) higher in otherwise healthy obese adults relative to their non-obese peers (33 vs 20 mm/h). w4 Ciccone examined this relationship in obese and overweight children and found a statistically significant correlation between body mass index (BMI) and ESR ( p<0.001), wherein ESR rises linearly with BMI (see table 3 ). 19 Importantly, while such patients may not have another underlying inflammatory disease, their obesity itself may result in an inflammatory state.
w5
▸ Race also affects the ESR. Even with correction for haemoglobin concentration, other chronic diseases and age, the baseline ESR is 2-13 mm/h higher in individuals of African descent than in individuals of other races. 16 Other factors may affect the baseline ESR but would not necessarily explain elevations above the normal range:
▸ ESR values are higher in females than in males over a certain age (see table 4 ). Studies demonstrate that castration results in elevation of the ESR, suggesting that androgens may suppress it. 8 In pregnancy, the ESR The degree of ESR elevation is important in determining potential aetiologies. If it is moderately elevated (20-30 mm/h 4 ), one should consider the aforementioned factors. If it is extremely elevated (>100 mm/h 2 15 ), one should have a higher suspicion for underlying infection or inflammation.
TOPICS FOR FURTHER RESEARCH
The ESR is a commonly used, low-technology blood test that can provide valuable clinical information. In conjunction with physical findings and other laboratory values, the ESR value can be used to screen for disease or disease complications; aid in disease diagnosis; monitor disease activity and response to therapy; and aid in prognosis of disease. In the future, it would be important to evaluate how ESR values vary by age to establish normal paediatric ranges. Furthermore, it would be interesting to determine the pathogenesis of elevated ESR in obese individuals.
Clinical bottom line
▸ Erythrocyte sedimentation rate (ESR) is an important tool to assess for inflammation. ▸ Normal ESR should not be used alone to rule out disease, but can reassure against active disease when clinical suspicion for infection, inflammation or malignancy is low. ▸ ESR may be superior to other acute-phase reactants for monitoring inflammation in chronic conditions because it rises and falls slowly. 
